Endocrine disrupters including insecticides induce neurodevelopmental effects in humans and wildlife \[[@r38]\], and early-life exposure to pesticides is associated with adverse effects on the neurodevelopment and behavior of children \[[@r32]\]. Neonicotinoid pesticides (NNs), one of the newly developed pesticides, are now the most widely used pesticides in the world. They are a class of neuroactive insecticides chemically similar to nicotine. Currently there are seven major NNs in the market: imidacloprid (IMI), nitenpyram (NTP), acetamiprid (ACE), thiamethoxam (TMX), thiacloprid (THI), clothianidin (CTD) and dinotefuran (DIN). Although these NNs were developed as selective agonists to insect nicotinic acetylcholine receptor (nAChR), an *in vitro* study showed that IMI, ACE and nicotine cause similar excitatory effects through mammalian nAChRs \[[@r22]\], and several *in vivo* studies revealed reproductive and neurobehavioral effects of CTD \[[@r17],[@r18],[@r19], [@r40]\]. Triggered by one case report of a 31-year-old depressed male who had been exposed to NNs due to the termite control of his dwelling \[[@r35]\], we focused on depression among neurodevelopmental disorders.

The total number of people with depression in the world increased by 18.4% between 2005 and 2015 \[[@r12]\]. In Japan, the number of patients with depression has also been increasing over the last two decades \[[@r26]\]. Although the exact cause(s) of depression and susceptibility to depression are not fully understood, many genetic and environmental factors are suspected; for example, a polymorphism in the promoter region of the serotonin (5-HT) transporter gene \[[@r5]\] and occupational pesticide exposure \[[@r4]\] have been described. Moreover, depression is associated with sex differences \[[@r1]\] and interactions between genes and the environment \[[@r34]\]. Based on the above, it is apparent that various factors can be associated with depression.

The 'monoamine hypothesis' was proposed as one of the explanations of causes of depression. According to this hypothesis, depression can be induced by a depletion of monoamine neurotransmitters: 5-HT, dopamine and noradrenaline \[[@r7]\]. The involvement of the alteration in 5-HT neural function in particular in the pathophysiology of depression is supported by considerable evidence \[[@r27]\]. The 5-HT neurons are controlled through nAChRs. The release of 5-HT is facilitated by α7 nAChR activation \[[@r3]\], and 5-HT neuron excitability is increased by α4β2 nAChRs in the dorsal raphe nucleus (DRN) in which most of the 5-HT neurons are located \[[@r11]\]. Many studies on cholinergic signaling or smoking suggest the modulation of depression through nAChRs \[[@r24], [@r29]\] and an association between nicotine and depression \[[@r9], [@r13], [@r25]\].

Two tests, the tail suspension test (TST) and forced swim test (FST), are widely used for the evaluation of antidepressants in rodent models \[[@r6]\]. In these tests, the efficacy of drugs is evaluated by the length of the animal's immobility time, which is thought to reflect behavioral despair. The length of immobility time is decreased by many types of antidepressants, including selective 5-HT reuptake inhibitors.

DIN, which was developed at Mitsui Chemicals, is the most widely used pesticide in Japan among the NNs for the control of insect pests on leafy vegetables, in residential and commercial buildings, and for professional turf management and so on. However, there has been no animal experimental study on the involvement of DIN in depression. We conducted the present study to investigate the relationship between subchronic exposures to DIN and a depression-related phenotype by using behavioral tests such as TST and FST, and immunohistochemical analysis.

Three-week-old male C57BL/6NCrSlc mice were purchased from Japan SLC (Hamamatsu, Japan) and maintained as described elsewhere \[[@r18]\]. This study was approved by the Institutional Animal Care and Use Committee (Permission number: 26-05-07) and carried out according to the Kobe University Animal Experimental Regulations.

Assuming the exposure situation in agricultural land, Water-soluble Arubarin^®^ (contains 20% DIN; Mitsui Chemical Co., Ltd., Tokyo) was administered to mice in their drinking water for 5 weeks from the age of 3 weeks. We divided the mice into four groups (n=6 mice in each): DIN-0 (vehicle as Control), DIN-100 (100 mg/kg/day), DIN-500 (500 mg/kg/day) and DIN-2500 (2,500 mg/kg/day) with reference to the no-observed-effect level (NOEL) of 550 mg/kg/day in the ICR mouse \[[@r10]\]. Twice a week, we determined the body weights of individual mice and calculated the water intakes from the decrement of the water weights placed in the bottle of each group.

On the last day of the 5 weeks of exposure to DIN, the TST and FST were performed as described elsewhere \[[@r30], [@r33]\] with some modification. In the TST, the mouse was suspended from a hook of a white box 60 cm above the surface of a table, by a plastic tape set 1 cm away from the tip of the mouse's tail. The mouse was considered "immobile" when it was completely motionless. In the FST, the mouse was placed in an acrylic cylinder (40 cm height ×20 cm dia.) containing 20-cm-deep water kept at 23--25°C. The mouse was considered "immobile" when it remained floating in the water, except for movements to keep its head above the water. In both tests, after a 2-min acclimatization period, the immobility time was recorded from a side view by a video camera for 4 min. The percentage of immobility time during this 4-min period was calculated.

Next day, all mice were deeply anesthetized with isoflurane by an inhalation anesthesia apparatus (BS-400T; Brain Science idea, Osaka, Japan) and transcardially perfused with 0.9% normal saline, followed by perfusion with ice-cold 4% paraformaldehyde in phosphate buffer. The brains were excised, weighed and postfixed with the same fixative overnight at 4°C. The brains were then dehydrated through a graded series of ethanol followed by xylene, and embedded in paraffin. Serial sections of each brain were then cut at 10-*µ*m thickness on a sliding microtome (SM2000R; Leica Microsytems, Wetzlar, Germany) and mounted on slide glasses (Platinum Pro; Matsunami Glass, Kishiwada, Japan). All sections were stored at −30°C until use for the following steps.

To detect 5-HT on the DRN, we performed the immunohistochemistry protocol similar to that described \[[@r18]\]. Briefly, the rabbit polyclonal anti-5-HT antibody (20080, ImmunoStar, Hudson, WI, U.S.A.) diluted 1:80,000 in phosphate-buffered saline with 0.05% Tween-20 (PBST; pH 7.4) was used as the primary antibody, and goat anti-rabbit immunoglobulins conjugated to peroxidase-labeled dextran polymer in tris (hydroxymethyl) aminomethan-HCl buffer (EnVision^®^+; Dako, Glostrup, Denmark) was used as the secondary antibody. Finally, the brain sections were counterstained with hematoxylin, dehydrated with absolute ethanol, cleared by xylene and coverslipped with Eukitt^®^ (O. Kindler GmbH, Freiburg, Germany). We counted the 5-HT-positive cells using three sections of the DRN: −4.48, −4.60 and −4.72 mm from the bregma according to the brain atlas \[[@r28]\], and the average of these values was determined for each mouse.

Statistical analyses were performed with Excel Statistics 2012 (SSRI version 1.00, Tokyo, Japan). All data were analyzed by one-way ANOVA followed by Dunnett's test. The results were considered significant when the *P*-value was \<0.05.

The body weight, brain weight and water intake data are shown in [Table 1](#tbl_001){ref-type="table"}Table 1.Body weight, brain weight and water intakeGroupsDIN-0DIN-100DIN-500DIN-2500Body weight (g)25.16 ± 1.8625.73 ± 1.5725.54 ± 1.7123.96 ± 0.93Brain weight (g)0.425 ± 0.0220.439 ± 0.0140.433 ± 0.0120.427 ± 0.015Water intake (g/day)4.31 ± 0.594.74 ± 0.994.08 ± 0.583.41 ± 0.56Mean ± SD, n=6.. DIN did not significantly suppress these three parameters in all of the DIN-administered groups compared to the control groups. In the TST, the immobility time was significantly decreased in the DIN-500 group, and the median immobility time was lower in the DIN-100, DIN-500 and DIN-2500 groups compared to the DIN-0 group ([Fig. 1A](#fig_001){ref-type="fig"}Fig. 1.Effects of DIN exposure on the immobility time in the TST (A) and FST (B). Data are reported as a box-and-whisker plot. The bottom and top of the box are 25th and 75th quartiles respectively and the band inside the box is the median. The whiskers extend to the highest and lowest value. A: In the DIN-500 mice, the immobility times were significantly decreased (Dunnett's test, \**P*\<0.05). The medians of the immobility time were lower in the DIN-100, DIN-500 and DIN-2500 groups compared to the DIN-0 group. B: The medians of immobility time were higher in the DIN-100 group and lower in DIN-500 and DIN-2500 groups than the DIN-0 group.). In the FST, no significant difference in the immobility time by DIN administration was observed compared with the DIN-0 group ([Fig. 1B](#fig_001){ref-type="fig"}). Compared to the DIN-0 group, the median immobility time was higher in the DIN-100 group but lower in the DIN-500 and DIN-2500 groups ([Fig. 1B](#fig_001){ref-type="fig"}). In both the TST and FST, DIN administration did not significantly increase the immobility time, which increases when mice show behavioral despair ([Fig. 1A and 1B](#fig_001){ref-type="fig"}). An antidepressant-like effect of both acute and chronic nicotine treatment was suggested in studies using the TST and FST \[[@r2], [@r36], [@r37]\], and these previous studies support our findings of DIN, which is chemically similar to nicotine.

The immunohistochemical detection of 5-HT in the DRN is illustrated in [Fig. 2A.](#fig_002){ref-type="fig"}Fig. 2.Representative immunohistochemistry for 5-HT of the DRN in the mice of the DIN-0 (A-a), DIN-100 (A-b), DIN-500 (A-c) and DIN-2500 (A-d) groups. B: The numbers of 5-HT-positive cells. Data are reported as a box-and-whisker plot. The bottom and top of the box are 25th and 75th quartiles respectively and the band inside the box is the median. The whiskers extend to the highest and lowest value. The median numbers of 5-HT positive cells were lower in DIN-100 and DIN-2500 groups and higher in the DIN-500 group compared to the DIN-0 group. The between-group differences were not significant. DIN administration did not significantly decrease the number of 5-HT-positive cells which decreases when mice are depressed. The median number of 5-HT-positive cells was lower in the DIN-100 group but higher in the DIN-500 and DIN-2500 groups compared to the DIN-0 group ([Fig. 2B](#fig_002){ref-type="fig"}).

Regarding the phenotype of depression, in the present study the difference in the number of 5-HT-positive cells depending on the DIN dose showed the same trend as the immobility time in the FST, but not the same trend as the immobility time in the TST. Although both the TST and FST are used to study depression, they involve different neuronal mechanisms; monoamine metabolism changes follow the FST but not the TST \[[@r31]\]. This difference in neuronal mechanisms could cause the different trends between the TST and FST. We also observed that the tendency of the change in immobility time in the DIN-100 and DIN-2500 groups differed between the TST and FST. Further studies should focus on the difference in the effects on depression-like behavior that is dependent on the DIN dose.

The 5-HT neurons project to many areas of brain (e.g., the substantia nigra, amygdala and hippocampus). The 5-HT~2C~ receptor controls dopaminergic system in the brain \[[@r8]\]. A disturbance of dopamine induces hyperlocomotion \[[@r16]\]. The release of 5-HT from DRN terminals in the amygdala may enhance conditioned fear \[[@r14]\]. Postsynaptic 5-HT~1A~ receptors in the hippocampus participate in the development of tolerance to aversive events \[[@r15]\]. A change in the number of 5-HT-positive cells in the DRN can disturb the activities of these destinations, which could cause behavioral changes. The behavioral tests focusing on these abnormalities are required to be conducted.

Tryptophan hydroxylase (TPH) is a rate-limiting enzyme of the biosynthesis of 5-HT. Nicotine administration inhibits TPH expression in dorsal and median raphe nuclei \[[@r20]\]. Moreover, the administration of nicotine to adolescent rats altered the concentrations and functions of 5-HT receptors \[[@r39]\], and the transcription of the 5HT~1A~ receptor in the cerebral cortex and dorsal hippocampus was increased by nicotine administration \[[@r21]\]. We thus need to research the effects of DIN on the 5-HT system, including TPH and 5-HT receptors.

Our present analyses did not confirm that DIN alone cause depression-like indication. However, this study was performed under short-term conditions that may not reflect depression closely. The pathogenic mechanism of depression is still unknown and is assumed to be due to a combination of genetic, environmental and psychosocial factors. For example, chronic stress is a risk factor for depression \[[@r23]\]. Further investigations are needed to clarify the effects of DIN on mice exposed to stressful events.
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